Kinks and Nanofriction: Structural Phases in Few-Atom Chains by Gangloff, Dorian A. et al.
Kinks and Nanofriction: Structural Phases in Few-Atom Chains
Dorian A. Gangloff,1, ∗ Alexei Bylinskii,2 and Vladan Vuletic´3, †
1Cavendish Laboratory, University of Cambridge,
JJ Thomson Avenue, Cambridge CB3 0HE, United Kingdom
2Department of Chemistry and Chemical Biology and Department of Physics,
Harvard University, Cambridge MA, 02138, USA
3Department of Physics, and Research Laboratory of Electronics,
Massachusetts Institute of Technology, Cambridge MA, 02139, USA
The frictional dynamics of interacting surfaces under forced translation are critically dependent on
lattice commensurability. Performing experiments in a trapped-ion friction emulator, we observe two
distinct structural and frictional phases: a commensurate high-friction phase where the ions stick-slip
simultaneously over the lattice, and an incommensurate low-friction phase where the propagation
of a kink breaks that simultaneity. We experimentally track the kink’s propagation with atom-by-
atom and sub-lattice site resolution, and show that its velocity increases with commensurability.
Our results elucidate the commensurate-incommensurate transition and the connection between the
appearance of kinks and the reduction of friction in a finite system, with important consequences
for controlling friction at nanocontacts.
Commensurability at the interface between two atom-
ically smooth, elastic surfaces can fundamentally alter
the energetic cost of their forced relative motion [1, 2].
Commensurate surfaces experience the largest sticking
forces, and thus the most discontinuous form of motion:
stick-slip friction [3]. At sufficient mismatch between the
two surface lattices, the interface develops defects dis-
tributed over a collection of atoms – kink solitons – that
result in an incommensurate phase with smoother sur-
face translation, reduced energy barriers, and reduced
friction [4]. Thus the appearance of kinks, that re-
quires finite lattice mismatch, marks the commensurate-
incommensurate (C-I) transition [5–8].
In the solid state, two-dimensional versions of the C-I
transition were observed at the interface between krypton
monolayers and graphite [9], and between graphene and
hexagonal boron nitride [10]. There, rotation between
two surfaces introduced a lattice mismatch and the tran-
sition between a commensurate and an incommensurate
phase. However, a direct experimental link between the
C-I transition and the appearance of a finite kink den-
sity, supported by an atomistic calculation of the energy
landscape [11], is challenging in such systems.
Typically, the Frenkel-Kontorova model [12] is used to
describe the physics of commensurability of extended in-
terfaces. In this model, the motion of kinks occurs within
a potential landscape, the Peierls-Nabarro (PN) poten-
tial. The concepts of the PN potential and kinks natu-
rally extend to small systems, as for example in the dif-
fusion of epitaxial islands and surface adsorbates [4, 13–
15]. Small systems offer an opportunity to study the
formation of kinks under conditions where a direct link
between concepts and experimental observations can be
established.
Friction emulators with synthetic interfaces consisting
of colloidal particles [16] or cold trapped ions [17] have
improved our understanding of fundamental surface sci-
ence, owing to in-situ tuning of fundamental parameters,
and to the ability to image individual particles. Such em-
ulators [18–20] have been used to observe the Aubry tran-
sition [21–23] and kink transport [16, 24]. Cold trapped-
ion systems [25–28] have been used to study fundamental
aspects of atomistic friction, such as mismatch-induced
lubricity [17], the temperature and velocity dependence
of friction [29], and multislip friction [30].
In this Letter, we use a trapped-ion friction emulator to
experimentally observe a structural phase transition cap-
tured by the appearance of kinks: the few-atom analogue
of the C-I transition. We observe the stick-slip dynamics
of the chain atom by atom, find that a critical degree of
commensurability is required for kinks to form, and tie
their appearance to a reduction in the observed friction.
Our emulator [17, 28, 31] consists of a self-organized
one-dimensional Coulomb crystal of N laser-cooled
174Yb+ ions in a linear Paul trap [34], sliding over a pe-
riodic optical potential generated by a standing wave of
light (Fig. 1a). A translation of the Paul trap’s potential
minimumXt with respect to the optical lattice transports
the ion crystal at adjustable speed vt over the periodic
potential. The position of each ion relative to the opti-
cal lattice is tracked with subwavelength resolution via
their fluorescence [33], allowing us to measure each ion’s
hysteresis loops [17] and to reconstruct a kink traveling
through the ion chain. Continuous laser cooling of the
ion chain removes heat generated by friction, while the
effects of finite temperature are reduced by performing
experiments at sufficiently high translation speed [29].
Although the intrinsic ion spacing d of a few microm-
eters is not uniform along the chain, it can be controlled
with nanometer precision by adjusting the Paul trap har-
monic potential. A deviation of d(mod a) from a intro-
duces an average lattice-free misfit,
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<latexit sha1_base64="S3XTo6D+zI4h+BaWZGylp mTrNDM=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEsMeCF8FLC/YD2lA220m7drMJuxuhhP4CLx4U8ep P8ua/cdvmoK0PBh7vzTAzL0gE18Z1v53CxubW9k5xt7S3f3B4VD4+aes4VQxbLBax6gZUo+ASW4Ybgd1EIY0 CgZ1gcjv3O0+oNI/lg5km6Ed0JHnIGTVWat4PyhW36i5A1omXkwrkaAzKX/1hzNIIpWGCat3z3MT4GVWGM4G zUj/VmFA2oSPsWSpphNrPFofOyIVVhiSMlS1pyEL9PZHRSOtpFNjOiJqxXvXm4n9eLzVhzc+4TFKDki0Xhak gJibzr8mQK2RGTC2hTHF7K2FjqigzNpuSDcFbfXmdtK+qnlv1mteVei2PowhncA6X4MEN1OEOGtACBgjP8Ap vzqPz4rw7H8vWgpPPnMIfOJ8/nwOMxQ==</latexit><latexit sha1_base64="S3XTo6D+zI4h+BaWZGylp mTrNDM=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEsMeCF8FLC/YD2lA220m7drMJuxuhhP4CLx4U8ep P8ua/cdvmoK0PBh7vzTAzL0gE18Z1v53CxubW9k5xt7S3f3B4VD4+aes4VQxbLBax6gZUo+ASW4Ybgd1EIY0 CgZ1gcjv3O0+oNI/lg5km6Ed0JHnIGTVWat4PyhW36i5A1omXkwrkaAzKX/1hzNIIpWGCat3z3MT4GVWGM4G zUj/VmFA2oSPsWSpphNrPFofOyIVVhiSMlS1pyEL9PZHRSOtpFNjOiJqxXvXm4n9eLzVhzc+4TFKDki0Xhak gJibzr8mQK2RGTC2hTHF7K2FjqigzNpuSDcFbfXmdtK+qnlv1mteVei2PowhncA6X4MEN1OEOGtACBgjP8Ap vzqPz4rw7H8vWgpPPnMIfOJ8/nwOMxQ==</latexit><latexit sha1_base64="S3XTo6D+zI4h+BaWZGylp mTrNDM=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEsMeCF8FLC/YD2lA220m7drMJuxuhhP4CLx4U8ep P8ua/cdvmoK0PBh7vzTAzL0gE18Z1v53CxubW9k5xt7S3f3B4VD4+aes4VQxbLBax6gZUo+ASW4Ybgd1EIY0 CgZ1gcjv3O0+oNI/lg5km6Ed0JHnIGTVWat4PyhW36i5A1omXkwrkaAzKX/1hzNIIpWGCat3z3MT4GVWGM4G zUj/VmFA2oSPsWSpphNrPFofOyIVVhiSMlS1pyEL9PZHRSOtpFNjOiJqxXvXm4n9eLzVhzc+4TFKDki0Xhak gJibzr8mQK2RGTC2hTHF7K2FjqigzNpuSDcFbfXmdtK+qnlv1mteVei2PowhncA6X4MEN1OEOGtACBgjP8Ap vzqPz4rw7H8vWgpPPnMIfOJ8/nwOMxQ==</latexit><latexit sha1_base64="S3XTo6D+zI4h+BaWZGylp mTrNDM=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEsMeCF8FLC/YD2lA220m7drMJuxuhhP4CLx4U8ep P8ua/cdvmoK0PBh7vzTAzL0gE18Z1v53CxubW9k5xt7S3f3B4VD4+aes4VQxbLBax6gZUo+ASW4Ybgd1EIY0 CgZ1gcjv3O0+oNI/lg5km6Ed0JHnIGTVWat4PyhW36i5A1omXkwrkaAzKX/1hzNIIpWGCat3z3MT4GVWGM4G zUj/VmFA2oSPsWSpphNrPFofOyIVVhiSMlS1pyEL9PZHRSOtpFNjOiJqxXvXm4n9eLzVhzc+4TFKDki0Xhak gJibzr8mQK2RGTC2hTHF7K2FjqigzNpuSDcFbfXmdtK+qnlv1mteVei2PowhncA6X4MEN1OEOGtACBgjP8Ap vzqPz4rw7H8vWgpPPnMIfOJ8/nwOMxQ==</latexit>
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<latexit sha1_base 64="N6WguVw7Uo5zqWedEi2yhwQjb2c=">AA AB8nicdVDLSsNAFJ34rPVVdelmsAiuwiSkD3 cFQVxWsA9IQ5lMJ+3QmSTMTIQS8hluXCji1q 9x5984fQgqeuDC4Zx7ufeeMOVMaYQ+rLX1jc 2t7dJOeXdv/+CwcnTcVUkmCe2QhCeyH2JFOY tpRzPNaT+VFIuQ0144vZr7vXsqFUviOz1LaS DwOGYRI1gbyXevh/lAilwVxbBSRTaqNbxLB JHtNprIaxpSd123XoOOjRaoghXaw8r7YJSQT NBYE46V8h2U6iDHUjPCaVEeZIqmmEzxmPqGx lhQFeSLkwt4bpQRjBJpKtZwoX6fyLFQaiZC0 ymwnqjf3lz8y/MzHTWDnMVppmlMlouijEOdw Pn/cMQkJZrPDMFEMnMrJBMsMdEmpbIJ4etT+ D/puraDbOfWq7a8VRwlcArOwAVwQAO0wA1og w4gIAEP4Ak8W9p6tF6s12XrmrWaOQE/YL19 AuJOkZw=</latexit><latexit sha1_base 64="N6WguVw7Uo5zqWedEi2yhwQjb2c=">AA AB8nicdVDLSsNAFJ34rPVVdelmsAiuwiSkD3 cFQVxWsA9IQ5lMJ+3QmSTMTIQS8hluXCji1q 9x5984fQgqeuDC4Zx7ufeeMOVMaYQ+rLX1jc 2t7dJOeXdv/+CwcnTcVUkmCe2QhCeyH2JFOY tpRzPNaT+VFIuQ0144vZr7vXsqFUviOz1LaS DwOGYRI1gbyXevh/lAilwVxbBSRTaqNbxLB JHtNprIaxpSd123XoOOjRaoghXaw8r7YJSQT NBYE46V8h2U6iDHUjPCaVEeZIqmmEzxmPqGx lhQFeSLkwt4bpQRjBJpKtZwoX6fyLFQaiZC0 ymwnqjf3lz8y/MzHTWDnMVppmlMlouijEOdw Pn/cMQkJZrPDMFEMnMrJBMsMdEmpbIJ4etT+ D/puraDbOfWq7a8VRwlcArOwAVwQAO0wA1og w4gIAEP4Ak8W9p6tF6s12XrmrWaOQE/YL19 AuJOkZw=</latexit><latexit sha1_base 64="N6WguVw7Uo5zqWedEi2yhwQjb2c=">AA AB8nicdVDLSsNAFJ34rPVVdelmsAiuwiSkD3 cFQVxWsA9IQ5lMJ+3QmSTMTIQS8hluXCji1q 9x5984fQgqeuDC4Zx7ufeeMOVMaYQ+rLX1jc 2t7dJOeXdv/+CwcnTcVUkmCe2QhCeyH2JFOY tpRzPNaT+VFIuQ0144vZr7vXsqFUviOz1LaS DwOGYRI1gbyXevh/lAilwVxbBSRTaqNbxLB JHtNprIaxpSd123XoOOjRaoghXaw8r7YJSQT NBYE46V8h2U6iDHUjPCaVEeZIqmmEzxmPqGx lhQFeSLkwt4bpQRjBJpKtZwoX6fyLFQaiZC0 ymwnqjf3lz8y/MzHTWDnMVppmlMlouijEOdw Pn/cMQkJZrPDMFEMnMrJBMsMdEmpbIJ4etT+ D/puraDbOfWq7a8VRwlcArOwAVwQAO0wA1og w4gIAEP4Ak8W9p6tF6s12XrmrWaOQE/YL19 AuJOkZw=</latexit><latexit sha1_base 64="N6WguVw7Uo5zqWedEi2yhwQjb2c=">AA AB8nicdVDLSsNAFJ34rPVVdelmsAiuwiSkD3 cFQVxWsA9IQ5lMJ+3QmSTMTIQS8hluXCji1q 9x5984fQgqeuDC4Zx7ufeeMOVMaYQ+rLX1jc 2t7dJOeXdv/+CwcnTcVUkmCe2QhCeyH2JFOY tpRzPNaT+VFIuQ0144vZr7vXsqFUviOz1LaS DwOGYRI1gbyXevh/lAilwVxbBSRTaqNbxLB JHtNprIaxpSd123XoOOjRaoghXaw8r7YJSQT NBYE46V8h2U6iDHUjPCaVEeZIqmmEzxmPqGx lhQFeSLkwt4bpQRjBJpKtZwoX6fyLFQaiZC0 ymwnqjf3lz8y/MzHTWDnMVppmlMlouijEOdw Pn/cMQkJZrPDMFEMnMrJBMsMdEmpbIJ4etT+ D/puraDbOfWq7a8VRwlcArOwAVwQAO0wA1og w4gIAEP4Ak8W9p6tF6s12XrmrWaOQE/YL19 AuJOkZw=</latexit>
2Fs
<latexit sha1_base64="N6WguVw7Uo5zqW edEi2yhwQjb2c=">AAAB8nicdVDLSsNAFJ34rPVVdelmsAiuwiSkD3cFQVxWsA9IQ5lMJ+3Q mSTMTIQS8hluXCji1q9x5984fQgqeuDC4Zx7ufeeMOVMaYQ+rLX1jc2t7dJOeXdv/+CwcnTc VUkmCe2QhCeyH2JFOYtpRzPNaT+VFIuQ0144vZr7vXsqFUviOz1LaSDwOGYRI1gbyXevh/l AilwVxbBSRTaqNbxLBJHtNprIaxpSd123XoOOjRaoghXaw8r7YJSQTNBYE46V8h2U6iDHUjP CaVEeZIqmmEzxmPqGxlhQFeSLkwt4bpQRjBJpKtZwoX6fyLFQaiZC0ymwnqjf3lz8y/MzHTW DnMVppmlMlouijEOdwPn/cMQkJZrPDMFEMnMrJBMsMdEmpbIJ4etT+D/puraDbOfWq7a8VRw lcArOwAVwQAO0wA1ogw4gIAEP4Ak8W9p6tF6s12XrmrWaOQE/YL19AuJOkZw=</latexit><latexit sha1_base64="N6WguVw7Uo5zqW edEi2yhwQjb2c=">AAAB8nicdVDLSsNAFJ34rPVVdelmsAiuwiSkD3cFQVxWsA9IQ5lMJ+3Q mSTMTIQS8hluXCji1q9x5984fQgqeuDC4Zx7ufeeMOVMaYQ+rLX1jc2t7dJOeXdv/+CwcnTc VUkmCe2QhCeyH2JFOYtpRzPNaT+VFIuQ0144vZr7vXsqFUviOz1LaSDwOGYRI1gbyXevh/l AilwVxbBSRTaqNbxLBJHtNprIaxpSd123XoOOjRaoghXaw8r7YJSQTNBYE46V8h2U6iDHUjP CaVEeZIqmmEzxmPqGxlhQFeSLkwt4bpQRjBJpKtZwoX6fyLFQaiZC0ymwnqjf3lz8y/MzHTW DnMVppmlMlouijEOdwPn/cMQkJZrPDMFEMnMrJBMsMdEmpbIJ4etT+D/puraDbOfWq7a8VRw lcArOwAVwQAO0wA1ogw4gIAEP4Ak8W9p6tF6s12XrmrWaOQE/YL19AuJOkZw=</latexit><latexit sha1_base64="N6WguVw7Uo5zqW edEi2yhwQjb2c=">AAAB8nicdVDLSsNAFJ34rPVVdelmsAiuwiSkD3cFQVxWsA9IQ5lMJ+3Q mSTMTIQS8hluXCji1q9x5984fQgqeuDC4Zx7ufeeMOVMaYQ+rLX1jc2t7dJOeXdv/+CwcnTc VUkmCe2QhCeyH2JFOYtpRzPNaT+VFIuQ0144vZr7vXsqFUviOz1LaSDwOGYRI1gbyXevh/l AilwVxbBSRTaqNbxLBJHtNprIaxpSd123XoOOjRaoghXaw8r7YJSQTNBYE46V8h2U6iDHUjP CaVEeZIqmmEzxmPqGxlhQFeSLkwt4bpQRjBJpKtZwoX6fyLFQaiZC0ymwnqjf3lz8y/MzHTW DnMVppmlMlouijEOdwPn/cMQkJZrPDMFEMnMrJBMsMdEmpbIJ4etT+D/puraDbOfWq7a8VRw lcArOwAVwQAO0wA1ogw4gIAEP4Ak8W9p6tF6s12XrmrWaOQE/YL19AuJOkZw=</latexit><latexit sha1_base64="N6WguVw7Uo5zqW edEi2yhwQjb2c=">AAAB8nicdVDLSsNAFJ34rPVVdelmsAiuwiSkD3cFQVxWsA9IQ5lMJ+3Q mSTMTIQS8hluXCji1q9x5984fQgqeuDC4Zx7ufeeMOVMaYQ+rLX1jc2t7dJOeXdv/+CwcnTc VUkmCe2QhCeyH2JFOYtpRzPNaT+VFIuQ0144vZr7vXsqFUviOz1LaSDwOGYRI1gbyXevh/l AilwVxbBSRTaqNbxLBJHtNprIaxpSd123XoOOjRaoghXaw8r7YJSQTNBYE46V8h2U6iDHUjP CaVEeZIqmmEzxmPqGxlhQFeSLkwt4bpQRjBJpKtZwoX6fyLFQaiZC0ymwnqjf3lz8y/MzHTW DnMVppmlMlouijEOdwPn/cMQkJZrPDMFEMnMrJBMsMdEmpbIJ4etT+D/puraDbOfWq7a8VRw lcArOwAVwQAO0wA1ogw4gIAEP4Ak8W9p6tF6s12XrmrWaOQE/YL19AuJOkZw=</latexit>
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<latexit sha1_base6 4="8mqU4jHP8cDaF2QSVkBimQeZnEo=">AAAB6 nicdVDLSgNBEOyNrxhfUY9eBoPgaZkNS5JjwIv HiOYByRJmJ7PJkNkHM7NCWPIJXjwo4tUv8ubfO JusoKIFDUVVN91dfiK40hh/WKWNza3tnfJuZW //4PCoenzSU3EqKevSWMRy4BPFBI9YV3Mt2CCR jIS+YH1/fpX7/XsmFY+jO71ImBeSacQDTok20m 0yxuNqDdtuw8FNjLCNV8hJw63jFnIKpQYFOuPq +2gS0zRkkaaCKDV0cKK9jEjNqWDLyihVLCF0T qZsaGhEQqa8bHXqEl0YZYKCWJqKNFqp3ycyEiq 1CH3TGRI9U7+9XPzLG6Y6aHkZj5JUs4iuFwWpQ DpG+d9owiWjWiwMIVRycyuiMyIJ1Sadignh61 P0P+nVbQfbzo1ba7tFHGU4g3O4BAea0IZr6EAX KEzhAZ7g2RLWo/Viva5bS1Yxcwo/YL19AjCyja 8=</latexit><latexit sha1_base6 4="8mqU4jHP8cDaF2QSVkBimQeZnEo=">AAAB6 nicdVDLSgNBEOyNrxhfUY9eBoPgaZkNS5JjwIv HiOYByRJmJ7PJkNkHM7NCWPIJXjwo4tUv8ubfO JusoKIFDUVVN91dfiK40hh/WKWNza3tnfJuZW //4PCoenzSU3EqKevSWMRy4BPFBI9YV3Mt2CCR jIS+YH1/fpX7/XsmFY+jO71ImBeSacQDTok20m 0yxuNqDdtuw8FNjLCNV8hJw63jFnIKpQYFOuPq +2gS0zRkkaaCKDV0cKK9jEjNqWDLyihVLCF0T qZsaGhEQqa8bHXqEl0YZYKCWJqKNFqp3ycyEiq 1CH3TGRI9U7+9XPzLG6Y6aHkZj5JUs4iuFwWpQ DpG+d9owiWjWiwMIVRycyuiMyIJ1Sadignh61 P0P+nVbQfbzo1ba7tFHGU4g3O4BAea0IZr6EAX KEzhAZ7g2RLWo/Viva5bS1Yxcwo/YL19AjCyja 8=</latexit><latexit sha1_base6 4="8mqU4jHP8cDaF2QSVkBimQeZnEo=">AAAB6 nicdVDLSgNBEOyNrxhfUY9eBoPgaZkNS5JjwIv HiOYByRJmJ7PJkNkHM7NCWPIJXjwo4tUv8ubfO JusoKIFDUVVN91dfiK40hh/WKWNza3tnfJuZW //4PCoenzSU3EqKevSWMRy4BPFBI9YV3Mt2CCR jIS+YH1/fpX7/XsmFY+jO71ImBeSacQDTok20m 0yxuNqDdtuw8FNjLCNV8hJw63jFnIKpQYFOuPq +2gS0zRkkaaCKDV0cKK9jEjNqWDLyihVLCF0T qZsaGhEQqa8bHXqEl0YZYKCWJqKNFqp3ycyEiq 1CH3TGRI9U7+9XPzLG6Y6aHkZj5JUs4iuFwWpQ DpG+d9owiWjWiwMIVRycyuiMyIJ1Sadignh61 P0P+nVbQfbzo1ba7tFHGU4g3O4BAea0IZr6EAX KEzhAZ7g2RLWo/Viva5bS1Yxcwo/YL19AjCyja 8=</latexit><latexit sha1_base6 4="8mqU4jHP8cDaF2QSVkBimQeZnEo=">AAAB6 nicdVDLSgNBEOyNrxhfUY9eBoPgaZkNS5JjwIv HiOYByRJmJ7PJkNkHM7NCWPIJXjwo4tUv8ubfO JusoKIFDUVVN91dfiK40hh/WKWNza3tnfJuZW //4PCoenzSU3EqKevSWMRy4BPFBI9YV3Mt2CCR jIS+YH1/fpX7/XsmFY+jO71ImBeSacQDTok20m 0yxuNqDdtuw8FNjLCNV8hJw63jFnIKpQYFOuPq +2gS0zRkkaaCKDV0cKK9jEjNqWDLyihVLCF0T qZsaGhEQqa8bHXqEl0YZYKCWJqKNFqp3ycyEiq 1CH3TGRI9U7+9XPzLG6Y6aHkZj5JUs4iuFwWpQ DpG+d9owiWjWiwMIVRycyuiMyIJ1Sadignh61 P0P+nVbQfbzo1ba7tFHGU4g3O4BAea0IZr6EAX KEzhAZ7g2RLWo/Viva5bS1Yxcwo/YL19AjCyja 8=</latexit> lattice-free misfit p0
<latexit sha1_base64="lvdTFJZNvb1ussqEWgTcwwuo2p o=">AAACCHicbVC7SgNBFJ2Nrxhfq5YWDgbBxrArgpZBG8sI5gHJEmYnd5Mhsw9m7ophSWnjr9hYKGLrJ9j5N06SLTTxwI XDOffO3Hv8RAqNjvNtFZaWV1bXiuuljc2t7R17d6+h41RxqPNYxqrlMw1SRFBHgRJaiQIW+hKa/vB64jfvQWkRR3c4SsAL WT8SgeAMjdS1DzsID5hJhig4nAYKgIZCBwLpmCZdp2uXnYozBV0kbk7KJEeta391ejFPQ4iQS6Z123US9DKmzPsSxqVOqiF hfMj60DY0YiFoL5seMqbHRunRIFamIqRT9fdExkKtR6FvOkOGAz3vTcT/vHaKwaWXiShJESI++yhIJcWYTlKhPaGAoxwZw rgSZlfKB0wxjia7kgnBnT95kTTOKq5TcW/Py9WrPI4iOSBH5IS45IJUyQ2pkTrh5JE8k1fyZj1ZL9a79TFrLVj5zD75A+v zB4A+mZo=</latexit><latexit sha1_base64="lvdTFJZNvb1ussqEWgTcwwuo2p o=">AAACCHicbVC7SgNBFJ2Nrxhfq5YWDgbBxrArgpZBG8sI5gHJEmYnd5Mhsw9m7ophSWnjr9hYKGLrJ9j5N06SLTTxwI XDOffO3Hv8RAqNjvNtFZaWV1bXiuuljc2t7R17d6+h41RxqPNYxqrlMw1SRFBHgRJaiQIW+hKa/vB64jfvQWkRR3c4SsAL WT8SgeAMjdS1DzsID5hJhig4nAYKgIZCBwLpmCZdp2uXnYozBV0kbk7KJEeta391ejFPQ4iQS6Z123US9DKmzPsSxqVOqiF hfMj60DY0YiFoL5seMqbHRunRIFamIqRT9fdExkKtR6FvOkOGAz3vTcT/vHaKwaWXiShJESI++yhIJcWYTlKhPaGAoxwZw rgSZlfKB0wxjia7kgnBnT95kTTOKq5TcW/Py9WrPI4iOSBH5IS45IJUyQ2pkTrh5JE8k1fyZj1ZL9a79TFrLVj5zD75A+v zB4A+mZo=</latexit><latexit sha1_base64="lvdTFJZNvb1ussqEWgTcwwuo2p o=">AAACCHicbVC7SgNBFJ2Nrxhfq5YWDgbBxrArgpZBG8sI5gHJEmYnd5Mhsw9m7ophSWnjr9hYKGLrJ9j5N06SLTTxwI XDOffO3Hv8RAqNjvNtFZaWV1bXiuuljc2t7R17d6+h41RxqPNYxqrlMw1SRFBHgRJaiQIW+hKa/vB64jfvQWkRR3c4SsAL WT8SgeAMjdS1DzsID5hJhig4nAYKgIZCBwLpmCZdp2uXnYozBV0kbk7KJEeta391ejFPQ4iQS6Z123US9DKmzPsSxqVOqiF hfMj60DY0YiFoL5seMqbHRunRIFamIqRT9fdExkKtR6FvOkOGAz3vTcT/vHaKwaWXiShJESI++yhIJcWYTlKhPaGAoxwZw rgSZlfKB0wxjia7kgnBnT95kTTOKq5TcW/Py9WrPI4iOSBH5IS45IJUyQ2pkTrh5JE8k1fyZj1ZL9a79TFrLVj5zD75A+v zB4A+mZo=</latexit><latexit sha1_base64="lvdTFJZNvb1ussqEWgTcwwuo2p o=">AAACCHicbVC7SgNBFJ2Nrxhfq5YWDgbBxrArgpZBG8sI5gHJEmYnd5Mhsw9m7ophSWnjr9hYKGLrJ9j5N06SLTTxwI XDOffO3Hv8RAqNjvNtFZaWV1bXiuuljc2t7R17d6+h41RxqPNYxqrlMw1SRFBHgRJaiQIW+hKa/vB64jfvQWkRR3c4SsAL WT8SgeAMjdS1DzsID5hJhig4nAYKgIZCBwLpmCZdp2uXnYozBV0kbk7KJEeta391ejFPQ4iQS6Z123US9DKmzPsSxqVOqiF hfMj60DY0YiFoL5seMqbHRunRIFamIqRT9fdExkKtR6FvOkOGAz3vTcT/vHaKwaWXiShJESI++yhIJcWYTlKhPaGAoxwZw rgSZlfKB0wxjia7kgnBnT95kTTOKq5TcW/Py9WrPI4iOSBH5IS45IJUyQ2pkTrh5JE8k1fyZj1ZL9a79TFrLVj5zD75A+v zB4A+mZo=</latexit>
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<latexit sha1_base64="9FsXtAn3oWxwqxCo v7kKl0V6Zow=">AAAB+HicbVBNSwMxEM36WetHVz16CRahXsquFPQiFLx4rGA/oF1KNpttQ7PJks wWaukv8eJBEa/+FG/+G9N2D9r6YODx3gwz88JUcAOe9+1sbG5t7+wW9or7B4dHJff4pGVUpilrU iWU7oTEMMElawIHwTqpZiQJBWuHo7u53x4zbbiSjzBJWZCQgeQxpwSs1HdLnQpc4ls87tFIAYa+W /aq3gJ4nfg5KaMcjb771YsUzRImgQpiTNf3UgimRAOngs2KvcywlNARGbCupZIkzATTxeEzfGGV CMdK25KAF+rviSlJjJkkoe1MCAzNqjcX//O6GcQ3wZTLNAMm6XJRnAkMCs9TwBHXjIKYWEKo5vZW TIdEEwo2q6INwV99eZ20rqq+V/UfauV6LY+jgM7QOaogH12jOrpHDdREFGXoGb2iN+fJeXHenY9 l64aTz5yiP3A+fwDY25Hd</latexit><latexit sha1_base64="9FsXtAn3oWxwqxCo v7kKl0V6Zow=">AAAB+HicbVBNSwMxEM36WetHVz16CRahXsquFPQiFLx4rGA/oF1KNpttQ7PJks wWaukv8eJBEa/+FG/+G9N2D9r6YODx3gwz88JUcAOe9+1sbG5t7+wW9or7B4dHJff4pGVUpilrU iWU7oTEMMElawIHwTqpZiQJBWuHo7u53x4zbbiSjzBJWZCQgeQxpwSs1HdLnQpc4ls87tFIAYa+W /aq3gJ4nfg5KaMcjb771YsUzRImgQpiTNf3UgimRAOngs2KvcywlNARGbCupZIkzATTxeEzfGGV CMdK25KAF+rviSlJjJkkoe1MCAzNqjcX//O6GcQ3wZTLNAMm6XJRnAkMCs9TwBHXjIKYWEKo5vZW TIdEEwo2q6INwV99eZ20rqq+V/UfauV6LY+jgM7QOaogH12jOrpHDdREFGXoGb2iN+fJeXHenY9 l64aTz5yiP3A+fwDY25Hd</latexit><latexit sha1_base64="9FsXtAn3oWxwqxCo v7kKl0V6Zow=">AAAB+HicbVBNSwMxEM36WetHVz16CRahXsquFPQiFLx4rGA/oF1KNpttQ7PJks wWaukv8eJBEa/+FG/+G9N2D9r6YODx3gwz88JUcAOe9+1sbG5t7+wW9or7B4dHJff4pGVUpilrU iWU7oTEMMElawIHwTqpZiQJBWuHo7u53x4zbbiSjzBJWZCQgeQxpwSs1HdLnQpc4ls87tFIAYa+W /aq3gJ4nfg5KaMcjb771YsUzRImgQpiTNf3UgimRAOngs2KvcywlNARGbCupZIkzATTxeEzfGGV CMdK25KAF+rviSlJjJkkoe1MCAzNqjcX//O6GcQ3wZTLNAMm6XJRnAkMCs9TwBHXjIKYWEKo5vZW TIdEEwo2q6INwV99eZ20rqq+V/UfauV6LY+jgM7QOaogH12jOrpHDdREFGXoGb2iN+fJeXHenY9 l64aTz5yiP3A+fwDY25Hd</latexit><latexit sha1_base64="9FsXtAn3oWxwqxCo v7kKl0V6Zow=">AAAB+HicbVBNSwMxEM36WetHVz16CRahXsquFPQiFLx4rGA/oF1KNpttQ7PJks wWaukv8eJBEa/+FG/+G9N2D9r6YODx3gwz88JUcAOe9+1sbG5t7+wW9or7B4dHJff4pGVUpilrU iWU7oTEMMElawIHwTqpZiQJBWuHo7u53x4zbbiSjzBJWZCQgeQxpwSs1HdLnQpc4ls87tFIAYa+W /aq3gJ4nfg5KaMcjb771YsUzRImgQpiTNf3UgimRAOngs2KvcywlNARGbCupZIkzATTxeEzfGGV CMdK25KAF+rviSlJjJkkoe1MCAzNqjcX//O6GcQ3wZTLNAMm6XJRnAkMCs9TwBHXjIKYWEKo5vZW TIdEEwo2q6INwV99eZ20rqq+V/UfauV6LY+jgM7QOaogH12jOrpHDdREFGXoGb2iN+fJeXHenY9 l64aTz5yiP3A+fwDY25Hd</latexit>
FIG. 1: Ion-crystal friction emulator for the study of structural phases and kinks. (a) Our friction emulator [17]:
a one-dimensional crystal of ions and an optical lattice [28, 31]. The crystal is displaced across the lattice with ion-trap
electric fields. Each ion’s interaction with the support and with its neighbor are captured by spring constants K and g,
respectively [21, 32, 33]. The lattice-free misfit p0 is measured at low lattice depth U (red). At high lattice depth (blue),
displacement hysteresis is equivalent to friction Fs. (b) Schematic structural phase diagram for a two-ion chain in the (p0, U)
plane. Arrows highlight transitions of interest. (c) Adiabatic path (white curve) of a two-ion chain through the lattice energy
landscape (minima in blue, maxima in yellow) as the trap is translated, vs ion positions x1, x2, shown for points of interest in
the (p0, U) plane.
p0/2 =
{
d/a mod 1 for 0 ≤ d mod a < 0.5a
1− d/a mod 1 for 0.5a ≤ d mod a < a ,
between the ion crystal and the lattice with period a =
185 nm (Fig. 1a). The chain is in-registry with the sub-
strate when the average ion spacing d is an integer mul-
tiple of the lattice spacing a, d/a(mod 1) = 0, corre-
sponding to no misfit, p0 = 0. A departure from this
configuration introduces a misfit p0 > 0 whose value can
be tuned continuously up to p0 = 1 for N = 2, and up
to p0 ≈ 0.8 for N = 5. A non-zero misfit can cause up
to Np0/2 kinks – i.e. the kink density pk is at most p0
[5]. Here we tune the lattice-free misfit p0 from 0 to 1 for
N = 2, and from 0 to 0.4 for N = 5, which introduces at
most one kink.
Several structural phases are expected as a function
of the lattice-free misfit p0 and the lattice depth U , as
shown schematically in Fig. 1b. For large misfit p0 ∼ 1,
emulating the maximally incommensurate case for infi-
nite chains, the Aubry transition [35] at critical lattice
depth Uc takes the system from a frictionless phase (for
U < Uc) to a pinned phase (for U > Uc), as observed
previously in our finite system [21]. By contrast, the C-I
transition occurs as a function of the misfit p0, and can
be identified by the appearance of kinks [5].
Figure 1c illustrates these important transitions for a
finite system in the limiting case N = 2. For a suffi-
ciently commensurate arrangement p0 ∼ 0 (Fig. 1b, di-
amond 1), as the trap position Xt is translated over the
lattice potential, the chain is pinned into a configura-
tion where the atoms are in-registry with the lattice, and
where the forced translation of the chain creates sudden
transitions towards the same stable configuration shifted
by one lattice site (Fig. 1c, diamond 1). The stick-slip
events of all atoms in the chain are synchronous and re-
sult in the largest friction force – a regime well described
by Prandtl-Tomlinson physics [1]. As the misfit p0 is in-
creased, the different atoms experience different lattice
forces – a regime better described by Frenkel-Kontorova
physics [12]. At a critical value p0 ≥ pc(U), it becomes
energetically favorable under forced translation for some
of the atoms in the chain to slip to the next lattice site,
while the rest of the chain remains in its initial lattice
site (Fig. 1c, diamond 2). This event defines a configu-
rational change in the chain to a new metastable state
that contains a kink defect [4, 36] (Fig. 1b, diamond 2).
The appearance of a kink embodies a C-I transition [5]
for a finite system, although the metastable kink state
is not truly incommensurate [4, 37, 38]. In this config-
uration, the PN barriers are finite: kinks are trapped,
the translation of the chain is still dominated by stick-
slip events, and the adiabatic trajectory has gaps and is
thus not analytic. Below a critical value of the lattice
depth (U < Uc), marking the Aubry transition, the PN
barriers disappear: the movement of kinks is free, the
translation of the chain over the substrate is continuous,
the function defining its adiabatic trajectory is analytic,
and friction disappears (Fig. 1b,c, diamond 3). PN barri-
ers also disappear at p0 ∼ 0 when the trap force exceeds
the maximal substrate force [39], U < Ka2/2pi2 (Fig. 1b,
diamond 4).
The kink density pk is simply the misfit measured in
the presence of the lattice [5], as it quantifies the devia-
tion per particle from a commensurate arrangement. At
a critical value of p0 that depends on the lattice depth U ,
3the kink density pk undergoes a transition from pk = 0
to pk > 0, as shown in Fig. 2a for an infinite Frenkel-
Kontorova chain. This critical point pc(U), beyond which
pk quickly converges to p0, indicates the C-I transition
[5].
To observe this transition in our finite chain, we eval-
uate the trap positions X
(j)
t at which ion j, under forced
translation, passes a lattice maximum (xj = 0) in relation
to its neighbor j + 1. The difference X
(j+1)
t −X(j)t cap-
tures whether slip events are asynchronous, and therefore
whether a kink is present. Figure 2b,c shows the simu-
lated trajectories x1, x2 of two ions against trap position
Xt [33]. The red curves are the lattice-free (U = 0) tra-
jectories: the horizontal distance between them is the
lattice-free misfit p0, and overlapping curves (p0 = 0)
show the chain is commensurate with the lattice. The
blue curves are trajectories in the presence of a deep
lattice (U > Uc): they exhibit hysteresis – and there-
fore friction – corresponding to a gapped adiabatic tra-
jectory (Fig. 1c). At misfits below the C-I transition
(Fig. 2b), the trajectory has a single gap (per lattice
period), and the hysteresis loops of the two ions over-
lap almost completely. This corresponds to synchronous
slip events characterized by a kink density pk ∼ 0. At
large misfit (Fig. 2c), the hysteresis loops exhibit no over-
lap, corresponding to asynchronous slip events and to the
maximum possible kink density pk ∼ p0. The doubling
of gaps (per lattice period) in the adiabatic trajectory,
and the consequent doubling of hysteresis loops, can be
understood as two transitions: the entry of a kink at one
end of the chain, and its exit at the other end. The in-
termediate state is a distinct, metastable configuration
of the chain containing a trapped kink [4].
Figure 3 shows the measured kink density pk and static
friction force Fs as a function of the lattice-free misfit p0
for a two- and a five-ion chain. The trap positions X
(j)
t
at which ion j passes a lattice antinode (the ”slip” po-
sitions) appear as fluorescence peaks in our experiment
[17]. A linear fit of the slip positions X
(j)
t vs j gives pk,
while the difference between forward and backward slips
gives Fs. The lines pk = p0 in Fig. 3a,b represent the ex-
pected behaviour for U  Uc, when ion movement is un-
perturbed by the lattice. A finite lattice depth (U > Uc)
pins the ions to lattice minima even for p0 > 0, causing
the ions to slip more synchronously, and thereby lowering
the kink density to pk  p0. Indeed, measurements of
pk as a function of p0 agree qualitatively with the crit-
ical behaviour expected from the infinite-chain Frenkel-
Kontorova physics (Fig. 2a): for p0 less than a critical
value pc, pk stays close to 0 (synchronous slipping), while
above that critical value, pk ascends rapidly back towards
p0 (asynchronous slipping). The transition is highlighted
by the deformation |p0 − pk|, which reaches a maximum
at the critical point pc(U), as shown in Fig. 3c,d.
The transition is smoother than expected from an in-
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<latexit sha1_base64="BEub1jc/6ULKK0OUB9uF/0YH70Y=">AAACCXicbZBLS8N AFIUn9VXrK+rSzWARXJVEBF0W3Lis0Bc0JUymk3boTBJmbsQSsnXjX3HjQhG3/gN3/hsnbRbaemDgcM69DPcLEsE1OM63VVlb39jcqm7Xdnb39g/sw6OujlNFWYfGIlb9gGgme MQ6wEGwfqIYkYFgvWB6U/S9e6Y0j6M2zBI2lGQc8ZBTAibybewBe4CsrUiCk1jzIsU57vuZp2QGee7bdafhzIVXjVuaOirV8u0vbxTTVLIIqCBaD1wngWFGFHAqWF7zUs0SQq dkzAbGRkQyPczml+T4zCQjHMbKvAjwPP29kRGp9UwGZlISmOjlrgj/6wYphNfDjEdJCiyii4/CVGCIcYEFj7hiFMTMGEKVwUAxnRBFKBh4NQPBXT551XQvGq7TcO8u683LEkc VnaBTdI5cdIWa6Ba1UAdR9Iie0St6s56sF+vd+liMVqxy5xj9kfX5A2P9mrg=</latexit><latexit sha1_base64="BEub1jc/6ULKK0OUB9uF/0YH70Y=">AAACCXicbZBLS8N AFIUn9VXrK+rSzWARXJVEBF0W3Lis0Bc0JUymk3boTBJmbsQSsnXjX3HjQhG3/gN3/hsnbRbaemDgcM69DPcLEsE1OM63VVlb39jcqm7Xdnb39g/sw6OujlNFWYfGIlb9gGgme MQ6wEGwfqIYkYFgvWB6U/S9e6Y0j6M2zBI2lGQc8ZBTAibybewBe4CsrUiCk1jzIsU57vuZp2QGee7bdafhzIVXjVuaOirV8u0vbxTTVLIIqCBaD1wngWFGFHAqWF7zUs0SQq dkzAbGRkQyPczml+T4zCQjHMbKvAjwPP29kRGp9UwGZlISmOjlrgj/6wYphNfDjEdJCiyii4/CVGCIcYEFj7hiFMTMGEKVwUAxnRBFKBh4NQPBXT551XQvGq7TcO8u683LEkc VnaBTdI5cdIWa6Ba1UAdR9Iie0St6s56sF+vd+liMVqxy5xj9kfX5A2P9mrg=</latexit><latexit sha1_base64="BEub1jc/6ULKK0OUB9uF/0YH70Y=">AAACCXicbZBLS8N AFIUn9VXrK+rSzWARXJVEBF0W3Lis0Bc0JUymk3boTBJmbsQSsnXjX3HjQhG3/gN3/hsnbRbaemDgcM69DPcLEsE1OM63VVlb39jcqm7Xdnb39g/sw6OujlNFWYfGIlb9gGgme MQ6wEGwfqIYkYFgvWB6U/S9e6Y0j6M2zBI2lGQc8ZBTAibybewBe4CsrUiCk1jzIsU57vuZp2QGee7bdafhzIVXjVuaOirV8u0vbxTTVLIIqCBaD1wngWFGFHAqWF7zUs0SQq dkzAbGRkQyPczml+T4zCQjHMbKvAjwPP29kRGp9UwGZlISmOjlrgj/6wYphNfDjEdJCiyii4/CVGCIcYEFj7hiFMTMGEKVwUAxnRBFKBh4NQPBXT551XQvGq7TcO8u683LEkc VnaBTdI5cdIWa6Ba1UAdR9Iie0St6s56sF+vd+liMVqxy5xj9kfX5A2P9mrg=</latexit><latexit sha1_base64="BEub1jc/6ULKK0OUB9uF/0YH70Y=">AAACCXicbZBLS8N AFIUn9VXrK+rSzWARXJVEBF0W3Lis0Bc0JUymk3boTBJmbsQSsnXjX3HjQhG3/gN3/hsnbRbaemDgcM69DPcLEsE1OM63VVlb39jcqm7Xdnb39g/sw6OujlNFWYfGIlb9gGgme MQ6wEGwfqIYkYFgvWB6U/S9e6Y0j6M2zBI2lGQc8ZBTAibybewBe4CsrUiCk1jzIsU57vuZp2QGee7bdafhzIVXjVuaOirV8u0vbxTTVLIIqCBaD1wngWFGFHAqWF7zUs0SQq dkzAbGRkQyPczml+T4zCQjHMbKvAjwPP29kRGp9UwGZlISmOjlrgj/6wYphNfDjEdJCiyii4/CVGCIcYEFj7hiFMTMGEKVwUAxnRBFKBh4NQPBXT551XQvGq7TcO8u683LEkc VnaBTdI5cdIWa6Ba1UAdR9Iie0St6s56sF+vd+liMVqxy5xj9kfX5A2P9mrg=</latexit>
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FIG. 2: The C-I transition via kink density and
hysteresis (a) Kink density pk vs lattice-free misfit p0 in
the infinite one-dimensional Frenkel-Kontorova model,
showing the C-I transition [5] at the critical misfit pc
separating the commensurate (C) and incommensurate (I)
phases. (b-c) Simulated ion positions xj vs trap position Xt
in their lattice-free position (red) and lattice-perturbed
position (blue), where forward and backward translation
results in static friction Fs. The difference in trap positions
at which the ions pass lattice maxima xj = 0 corresponds to
the misfit p0 (red) and the kink density pk (blue). (b)
p0 = 0.3. (c) p0 = 0.8.
finite Frenkel-Kontorova chain, which we attribute to
finite-temperature and finite-size effects. Simulations of a
finite chain at temperature T [33], shown as solid curves
in Fig. 3a-d, are in good agreement with our data us-
ing kT/U = 0.2 for N = 2 and kT/U = 0.5 for N = 5.
By comparison, zero-temperature simulations of the same
systems, shown as dashed curves, exhibit a sharper tran-
sition that occurs at a higher value of the misfit p0. Tem-
perature effectively reduces the PN barriers that cause
stick-slip motion, making it more likely for asynchronous
slips to occur, and thus increasing pk relative to its zero-
temperature value. The additional step structure for
N = 5 reflects the fact that, for N > 3, intermedi-
ate values of the misfit correspond to the system enter-
ing higher-order commensurate phases. As N grows the
number of steps grows until, for N = ∞, this structure
constitutes a Devil’s staircase [5, 12].
The transition points pc ∼ 0.55 for N = 2 and
pc ∼ 0.25 for N = 5, associated with the appearance
of kinks, also delineate two frictional phases, as shown
in Fig. 3e,f. In the region p0 . pc (Fig. 1, diamond 1)
where pk ∼ 0 and the slips are synchronous, friction is
high, while in the region p0 & pc (Fig. 1, diamond 2)
where pk ∼ p0 and the slips are asynchronous, friction
is low. The transition point pc also marks a reduction
in the dependence of friction Fs on the misfit p0, thus
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FIG. 3: Kinks in a two-ion chain (left column) and a
five-ion chain (right column). Kink density pk (a,b),
deformation |p0 − pk| (c,d), and static friction force Fs (e,f),
measured vs lattice-free misfit p0 for N = 2 (blue, a, c, e)
and N = 5 (red, b,d,f). Lines in (a,b) are the kink density
pk = p0 for U = 0. Solid curves in (a-d) are numerical
simulations for parameters matching those of the data
shown, kT/U = 0.2 (a) and kT/U = 0.5 (b). Dashed curves
are T = 0 simulations. The critical misfit pc(U) is the misfit
p0 that maximises p0 − pk: pc(U) = 0.55 (N = 2) and
pc(U) = 0.25 (N = 5). Numbered diamonds match Fig. 1
points of interest. Fmax is the maximal friction in the
single-slip regime[29, 30].
confirming that the presence of a kink defect changes the
frictional response of the system.
The incommensurate phase (p0 > pc) defined by asyn-
chronous slipping must exhibit a traveling kink, whose di-
rect measurement is possible in a sufficiently long chain.
We confirm this from the position of all ions in a five-
ion chain as they traverse the optical lattice. Using their
known position-dependent fluorescence across the lattice,
which follows a sin4(xj) function, we reconstruct each
ion’s position from its fluorescence [33, 40]. We obtain
pair-wise the neighbor distance ∆xj,j+1 (j = 1, ..., 4),
and track a compression and extension in relative posi-
tion within each ion pair as the background trap is trans-
lated (Fig. 4a). Grey shading denotes low fluorescence,
and therefore limited reconstruction fidelity [33].
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Simulations
FIG. 4: Propagation of a kink in a five-ion chain (a)
The distance (∆xj,j+1 = (xj − xj+1))(mod a) between ion j
and its nearest neighbor j + 1 (with mean subtracted) vs
trap position Xt. From top to botttom, j = 1, ..., 4. Dashed
line tracks propagation of the kink maximum across the ion
pairs. Grey shading indicates regions where fluorescence is
low, and position is extracted with lower confidence. (b)
Numerical simulations for parameters matching those of
data in (a). ∆xj,j+1 is reconstructed from a simulated
fluorescence signal. (c) ∆xj,j+1 from simulated position
curves[33]. (d) Kink velocity vα, normalized by trap
velocity vt, against lattice-free misfit p0. The dashed line is
from simulation.
Clear oscillations in the neighbor distances (Fig. 4a)
reveal a density wave travelling through the discrete sys-
tem: a kink enters the chain at its free end, travels
through it and exits at the other free end, causing a
staggered signal across pairs which repeats at the lat-
tice period a as the Paul trap translates the chain. For
a given pair, the distance ∆xj,j+1 reaches a maximum
when the kink profile is centered on that pair. This anal-
ysis is supported by finite-temperature numerical simula-
tions of our experiment with a five-ion chain (Fig. 4b,c).
In Fig. 4b, the signal ∆xj,j+1 is reconstructed from sim-
ulated fluorescence curves, processed identically with our
data. In Fig. 4c, ∆xj,j+1 is calculated from the simulated
position curves – which, unlike in the experiments, is ac-
cessible in simulation. While the curves reconstructed
from fluorescence (Fig. 4b) are clearly deformed, and ex-
hibit the same erroneous deformations as our data in the
low-fluorescence regions (grey area), they are a good ap-
proximation to the true distance (Fig. 4c).
Tracking the positions of the kink maximum across the
5pairs as the trap is translated (Fig. 4a) yields the velocity
vα of the traveling kink. This is summarized in Fig. 4d,
where the kink velocity is normalized by the trap transla-
tion velocity vt = dXt/dt. The dashed curve is obtained
from our numerical simulations of the fluorescence sig-
nal. Our data reproduce the salient feature in the simu-
lation: the kink velocity increases with decreasing misfit
p0 as expected from a system approaching a commen-
surate phase with increasingly synchronous slips. Below
p0 ≈ 0.18, the staggered kink signal fades in both data
and simulation, in agreement with a transition to the
commensurate phase.
In summary, we observe atom-by-atom the appearance
of a kink in a finite system and connect it to a struc-
tural phase transition between a commensurate phase,
where friction is high, and an incommensurate phase,
where friction is reduced. This work could enable the
study of interacting topological defects and frustration at
a nanocontact[12]. Furthermore, quantum tunnelling of
ions through lattice barriers, in principle realizable in our
system[40–42], could introduce a quantum-mechanical
picture of kinks with relevance at the nanoscale and at
cold surfaces.
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